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ABSTRACT

The model for the degradation of the containers for nuclear waste includes thdss iof coro-
sion, namely geeral corrosion, localized corrosion and environmentally assisted cracking (EAC). The
objective of the current research was to quantify the susceptibility of five nickel alloys to EA@erate
environmental conditions with vang solution composition, temperature and electrochemictrtial.
These alloys included: Alloy 22 (N06022), Alloy-&€ (N06455), Alloy 625 (N06625), Alloy &3
(N06985) and Alloy 825 (N08825). The susceptibility to EAC was evaluated using constant dgform
(deflection) U-bend specimens in both the narelded (wrought) and welded conditions. Results show
that after more than five years exposure in the vapor and liquid phases of alkaline (pH ~ 10) and acidic
(pH ~ 3) multrionic environments at 60°C ariD°C, none of the tested alloys suffered environmentally
assisted crdang.

Keywords: highlevel nuclear waste, nickddased alloy, NO6022, N06455, N06625, N06985, N08825,
environmentally assisted cracking;d¢nd, welded specimens, simulated acidifieatev (SAW), sinu-
lated concentrated water (SCW), simulated dilute water (SDW), basic saturated water (BSW)

INTRODUCTION

The current design concept for the hilglvel nuclear waste containers in the USA is based on a
metallic multibarrier system. Tis design specifies an external layer of Alloy 22 (N06022) and am-inte
nal layer or shell of type 316 stainless steel (S316G3)he main purpose of the internal barrier is to
provide strigtural integrity and to contribute to the shielding of radiati@he main role of the external
barrier is to provide protection against corrosion. Alloy 22 was selected for the exterriat dae to its
excellent resistance to general corrosion, localized corrosion and environmentally assisted cracking in a



broad rang of environments? Alloy 22 is a nickel (Ni) based alloy that contains approximately 22%
chromium (Cr), 13% molybdenum (Mo), 3% tungsten (W) and 3% iron (Fe). Because of its higin-Cr co
tent, Alloy 22 emains passive in most industrial environments dmefeéfore has an exceptionally low
general corrosion rate. The combined presence of Cr, Mo and W imparts Alloy 22 with higlamesi

to localized corrosion such as pitting corrosion and crevice corrosion. After closure of the repository, the
containers myasuffer environmental degradation (corrosion). Dry corrosion of the waste package is e
pected to be negligible since the maximum temperature of the containers will be below 200°C. If water
is present, there are three main aqueous corrosion anischs by vhich Alloy 22 may degrade. These
include, (1) General, uniform or passive corrosion, (Bralized corrosion (such as crevice corrosion)
and (3) Environmentally assisted ckatgy (EAC) such as stress corrosion cracking (SCC).

The purpose of the preseniovk was to evaluate the EAC characteristics of Alloy 22 and four
other nickel alloys in several environmental conditions using constant deformatmend) specimens.
The tested solutions were concentrated versions of ground water from the emplacem&hesiesal-
tions included: Simulated Dilute Water (SDW), Simulated Concentrated Water (SCW), Simulated
Acidified Water (SAW) and Basic Saturated Water (BSW). The nickel alloys studied (in alphabetical
order by UNS number) were: (1) Alloy 22 or N06022, All€-4 or N06455, Alloy 625 or N06625, |IA
loy G-3 or N06985 and Alloy 825 or N08825.

RESISTANCE OF NICKEL ALLOYS TO ENVIRONMENTALLY ASSISTED CRACKING

From the chemical composition point of view, corrosion resistarb&ed alloys can be grouped
into five families of alloys: (1) commercially pure nickel, (2)-8u alloys, (3) NiMo alloys, (4) N+Cr-
Mo alloys and (5) NiCr-Fe alloys. Results reported in this paper are for thre€NMo alloys (N06022,
NO06455 and N06625) and for two ¢ Fe alloys (NO698 and N08825). NICr Mo alloys are the most
versatile nickel alloys since they contain molybdenum for protection against corrastan teducing
conditions and chromium, which protects against corrosion under oxidizing conditioi. ’& alloys
in geneal are less resistant to corrosion than@titMo alloys; however, they could be less expensive
and therefore find a wide range of industrial applications such as in the production spfhoiic acid
and in the handling of nitric acid. Nickel alloys areséenitic (face centered cubic), are ductile and-po
sess a high toughness (Table 1). That is, in the absence of environmentally assisted cracking, these
nickel alloys would absorb a large amount of energy before mechanical rupture.

Mill annealed Alloy 22is highly resistant to EAC or stress corrosion cracking (SCC) in acidic
concentrated chtide solutions. 3 Dunn et al. did not find SCC when they tested Alloy 22 in 14 molal
CI (as MgC}) at 110°C and 9.1 molal LiCl at 95°C under controlled potentidt. They used wedge
opening loaded ddle cantilever beam (DCB) and compact tension (CT) specimens at stress intensities
in the range 32 to 47 MPa'ffifor times as long a 52 week’'? Rebak reported that Alloy 22 end
specimens did not suffer SCC e exposed to 45% Mgght 154°C for up to 6 week$.Estill et al.
performed slow strain rate tests (SSRT) at a 1.6 ¥ 0 strain rate at the corrosion potentiak{f in 4
M NaCl at 98°C, saturated CaOf>10 M CI) at 120°C and 1% Pbght 95°C*® None of these spéc
mens showed a loss of ductility or secondary cracking.

Even though Alloy 22 is resistant to SCC in concentrated chloride solutions, it may be suscept
ble under other severe environmental condititf€ Andresen et al. tested tiseisceptibility of Alloy 22
to EAC at the corrosion potential {&) in basic saturated water (BSW) at 110*CThis BSW muilti
ionic soltion is a version of concentrated solutions that might be obtained after evaporative tests of



Yucca Mountain ground wats'® Using the reversing DC potential drop technique as a screening test,
Andresen et al.eported a crack grow rate of 5 x T0m/s in a 20% coldvorked specimen loaded to a
stress intensity of 30 MPa¥A This EAC testing was carried out in air seited BSW water of pH ~

13. The testing conditions used by Andresen et al. were highly aggressive and, in spite of thatsthe mea
ured crack growth rate was near the detection limit of the systdRebak et al. reported that Alloy 22
U-bend specimens seéffed transgranular SCC when they were exposed for 336 h to aqueatisrsol

of 20% HF at 93°C and to its correspondingper phase? The liquid phase was more aggressive than
the vapor phas®. Pulvirenti et al. reported tragranular cracking in one ouwf four Alloy 22 U-bend
specimen exposed for 15 days at 250°C in cotreged ground water contaminated with 0.5 % lead (Pb)
and acidified to pH 0.5'%*" Estill et al. performed slow strain rate tests, cyclic loading tests abehd
tests in large vaety of environments (temperature, applied potential and solution cdtiggs: They

only reported SCC on mill annealed (MA) Alloy 22 through SSRT in simulated cureted water
(SCW) at 73°C and at a potential of +0.3 to +0.4V [SSEF When Alloy 22was strained in SCW soi

tion at +0.1 V [SSC], the sample did not suffer environmental assisted cracking (EAC or'STI®.
corrosion potatial (Ecor) of Alloy 22 in SCW solution at 60°C and 90°C was in the order of 0 to +0.1 V
[SSC]?° That is, it is nd expected that Alloy 22 would undergo SCC in SCW solution at the free
corroding wtential (Eor).

Recent published studies found that Alloy 22 was very resistant to stress corrosion cracking
(SCC) in hot concentrated chloride solutions and in simulatettentrated water (SCWY: Compact
tension (CT) specimens of Alloy 22 were tested for over 3000 hours at an applied stress intensity of 47
MPam?in 9.1 M LiCl solution at 95°C. None of the specimens suffered SCC even at applient pote
tials higher tha the crevice repassivation potentidl. A similar test was run on an Alloy 22 CT spec
men at an appliedgiential of 380 mV [SCE] in SCW solution at 73°C and 95°C. The specimen was
free from SCC.*' The same investigators reported that Alloy 2zbehd pecimens did not crack in
presence of supersaturated Ph@ 0.5 at 95°C after more than 40 days of testfiig.

Similar to the results reported above in detail for NO6022, the other four studied nickel alloys
(N06455, N06625, N06985 and N08825) are digghly resistant to environmentally assisted cracking
(EAC). For exkample, it was reported that Alloy 825 did not suffer EAC when it was tested by slow strain
rate testing in 9.1 molal LiCl solution at 110°C or in 5.8 molal NaCl solution containing 0.@bdium
thiosulfate (NaS,0s) at 95°C both at the corrosion potentialc{§ and under anodic polasdton. °
EAC of Alloy 825 was only observed in 14 molal chloride (40% MgGlolution at 120°C®

Environmentally assisted cracking (EAC) data of thieeotnickel alloys studied here are scarce.
Nickel alloys may suffer EAC during oil and gas production from sour wells containing high chloride at
temperatures above 200°C. Generally for these applications, nickel alloys are heavily cold worked to
purposéy increase their strength. NACE standard MRO175 specifies the hardness limit for the hickel a
loys used in oil and gas production. For example, the maximum allowed hardness for N06625 is 35
HRC, for NO6985 is 39 HRC and for N08825 is 35 HRC. In the railnealed (MA) codition, the
hardness of NCCr-Mo and NiCr-Fe alloys is approximately 90 HRB (Table 1). Depending on thai co
rosion resistance in sour well applications, the abmentioned nickel alloys have been ranked ds fo
lows: NO6625 and N06985igher than NO8825% At temperatures above 150°C, nickébgs may also
suffer EAC in caustic aqueous environments such as 50% NaOH solufitnénother environment
that may promote EAC in nickel alloys is hot wet hydraftic acid.’®*>22



EXPERIMENTAL

Laboratory testing for environmentally assisted cracking is commonly carried out using a variety
of specimens and techniques. The techniques are usually grouped by the way the mechanical stress is
applied to the test specimen. The most comnbests include: (a) Constant deformation, (b) Constant
Load and (c) Slow strain rate tests. In order to better simulate the likely field behavior, the specimens
(tedhnique) that are used for laboratory testing should closely reproduce the field conditioretallic
static container resting horizontally may contain only mechanical residual stresses due to fabrication
(e.g. welding) or posble rock fall impact, which would produce stored strain energy or cold work. That
is, the most representative specimador laboratory testing would be the constant deformation type such
as Ubend, which contain residual stresses due to permanent bending.

The studied nickel alloys included Alloy 22 (N06022%4GN06455), Alloy 625 (N06625), G
(N06985) and Alloy 829N08825). Table 2 shows the compositions of the studied alloys. The welded
U-bend specimens had matching filler metal, that is, a wire of the same alloy was used to produce the
welds, except in the case of alloys 825 and @ which Alloy 22 wire was usd for the weld (Table 2).

In the designation of the specimens, the first letter corresponded to the type of alloy. Thus anitatial le
D represents Alloy 22, the letter C representd,Ghe letter L represents Alloy 625, the letter B epr
sents G3 and the letter A represents Alloy 825. The second letter in the designatiossesyps the type

of specimen, in this case the letter U representsedd. The third letter designates if the material for the
U-bend was seamless wrought mill annealed (MAjt¢leA) or had a weld seam (letter different from
A) (Figure 1). These three letters are followed by a thatggt serial number. Thus, BUC049 is the U
bend speienen number 49, with a weld seam and made of Alle8.G

The U-bend specimens were machinedr sheet stock. The specimens were tested in the as
machined condition, which corresponded to surface finish with a root mean square (RMS) roughness of
32 pinch. This surface roughness roughly corresponds to agtif@aper, a standard industrial fihisg
for corrosion testing. The dbend specimens were prepareshg ¥~inch (~19 mm) wide and 1/Xch
(~1.6 mm) thick strips according to ASTM G 3® The resulting specimen had a constant nominal
separation between both legs, or ends, of 0.5 inch (rtf) secured by a bolt, which was electricalty i
sulated from the specimen through ceramic zirconia washers (Figure 2). The total plastic deformation in
the external outer fiber waspproximately 12%. Single ¥ends were produced using both wrought
sheets ad welded sheets. In the welded simeens, the weld was across the apex of the bend (Figure 1).
The weld process was gas metal arc welding (GMAW) using filler metal and the seam had fulapenetr
tion. Typical mechanical properties of MA sheet material &tet in Table 1. Table 2 lists the chemical
composition of the sheet material and the filler metal used for thedatioon of the Ubend specimens.

The specimens were degreased in acetone before testing.

The immersion testing was carried out in thengoTerm Corrosion Test Facility (LTCTF) at
Lawrence Livermore National Laboratory (LLNL). The testing was carried out following generaproc
dures for laboratorymmersion testing given in ASTM G 3%% The testing electrolyte solutions for the
U-bend wee solutions containing several ionic species. The volume of the electrolyte in each vessel was
approximately 1000 liters. Table 3 shows the composition of the roattiponent electrolyte sations
mentioned in this gper. Table 3 also shows the compositiof the water from well 1.3 near Yucca
Mountain. The saltions used in this study are concentrated versionsld water. For example, SDW
(Simulated Dilute Water) is approximately 10 times more concentrated th&nwhter and has a pH ~
10, SCW (Simuhted Concentrated Water) is approximately 1000 times more concentratedltBavad
ter (pH ~ 10) and SAW (Simulated Acidified Water) is also approximately 1000 times morerconce



trated than L3 water but acidified to pH ~ 3. The-bend immersion tests weoarried out at 60°C and

90°C. Roughly half of the tested specimens were exposed to the liquid phase of the solution and the
other half to the vapor phase, where condensation occurred over the specimens. The reported temper
ture corresponded to theliid phase. The exposure time was slightly over 5 years (the actual exposure
time is given in Table 4). Two Alloy 22 specimens were tested in the liquid phase of Basic Saturated
Water (BSW) at 105°C. The testing time was 1149 days for the doutlerid specime(ARC22 U20A

+ ARC22 U20B) and 742 days for the singledgnd specimen (DUB163). The testing electrolyteisol

tions were naturally aated; that is, the solutions were not purged with any gas; however the ingress of
air above the solution level was not nested. All tests were carried out under ambient pressure. After
testing, the samples were evaluated using standard procedures such as optical and scanningielectron m
crascopy.

EXPERIMENTAL RESULTS AND DISCUSSION
Single Ubend Specimens from LTCTF

The single Ubend specimens were exposed to three different frariic electrolyte solutions in
the Long Term Corrosion Test Facility (LTCTF) at the free corrosion potentiglEor more than 5
years. Two of these electrolyte stibns (SCW and SDW) ere alkaline of pH ~ 10 and one electrolyte
(SAW) was acidic of pH ~ 3 (Table 3). Two hundred seventy six (276)ispeas were removed from
six of the testing tanks, rinsed in-@g@nized water and allowed to dry in the laboratory atmosphere. Data
regardingperformance of 52 Alloy 22 specimens were reported bef§f€able 4 lists the specimens by
their label, by the vessel they were exposed to and by the length of time they were tested. The specimens
were labeled starting with a characteristic letter tentify the alloy. These letters were: D for Alloy 22,
C for C-4, L for 625, B for G3 and A for Alloy 825. The second letter was U fordénd specimen. The
third letter identifies if the specimen is seamless or contains a weld. If the third letter is Ap#timen
is seamless, if the third letter is different from A, the specimen contains a weld seam in the apex of the
specimen (Figure 1). Table 2 shows that matching filler metal was used to produce the welds-of spec
mens for Alloy 22, 625 and Q. For tre specimens made of-€and Alloy 825, Alloy 22 material was
used for the filler metal. The heat numbers and composition for both the base material sheet and the
filler metal are given in Table 2. In general, three specimens were examined for each tenepsil-
tion composition and metallurgical ndition.

The 276 specimens (Table 4) were individually examined optically in a stereomicroscope using
up to 100 times magnification. Figure 2 shows the macroscopic appearance of two of the examined
specimes, one welded and one navelded. The principal characteristics of this individual examination
are given in Table 5. A fewetected specimens were also studied in a scanning electron microscope and
others were mounted for metallographictsgning. Stereoncroscope studies showed that most of the
specimens were completely featureless, that is, they appeared s#ialiarsimilar to the nortested
condition (Table 5). Most of the specimens had deposits of crystals (salts) from thelgte. The
specimen that were exposed to the vapor phase had a lower amount of deposits than the specimens e
posed to the liquid phase. However, surface features suggest that the specimens exposed to the vapol
phase had abundant condensation on them. Thdrspas that wergested at the higher temperature
(90°C) in the liquid phase in general showed a highegrele of discoloration than the specimens tested
at 60°C. This may suggest that there was more iotienabetween the specimens and the environment at
the higher temerature; however, most of the colors and deposits obsenalleb) suggest that these
were the result of build up from the environment rather than due to a reaction of the metal withithe env



ronment. The origin of the colors (e.g. golden/green/blue)at yet known. The golden color was
probably caused by the deposit of little stgls of this color on the surface. Some of these small crystals
deposited from the SAW solution are rich in iron. Studies of the scales and oxide films on the Alloy 22
specimas are reported separatefy.An important observation from Table 5 is that none of the 2¢6 e
amined specimens showed any indication of corrosion and or eme@ntal cracking (EAC).

Scanning electron microscopy (SEM) studies showed that some of duerggns had nero-
cracks on their convex surface, perpendicularly to the applied mechanical stress. These crackd-were sha
low (approximately 2 um deep) and less than 0.1 mm in length. Since these micro cracks weke also o
served in noftested specimens,éan be concluded that the miecoacks in the tested specimens existed
before these specimens were immersed in the testing electrolytes in 1997. Figure 3 shows twn-SEM i
ages of the examined specimens (Table 4). None of them suffered cracking (EAC).

Single U-bend and Double Whend Specimens from Bench Top Testing

Two U-bend Alloy 22 (N06022) specimens removed from BSW solution (pH ~ 13) at 106°C a
ter 1149 days (27,576 h) and 742 days (17,808 h) of testing were also free from corrosion an-enviro
mentaly assisted cracking.

ENVIRONMENTALLY ASSISTED CRACKING AND THE CORROSION POTENTIAL

Table 6 shows the corrosion potential{g of Alloy 22 and platinum in the electrolyte solutions
mentioned in this report. These arg,Evalues in normally aerategblutions. Table 6 is an updatedrve
sion of a table published beforé. The Eorr Values shown for Alloy 22 could also be consideredel
vant for the other nickel alloys (@, 625, G3 and 825) since all these alloys would contain a chromium
oxide film on their surfaces (the amount and protectiveness of chromium oxide in the film wepdddi
on the pH of the solution). First of all, Table 6 shows that thg;Bf Alloy 22 is highly stable in all the
tested solutions. That isc& has not consideraplchanged over the last year of testing. The mosi typ
cal values of k& for Alloy 22 in SCW and SDW at 60°C and 90°C and for BSW at 105°C were in the
vicinity of 0 V to +0.1 V [SSC] (Table 6). For SAW, & for Alloy 22 was higher, in the order of +0.3
to +0.4 V [SSC] (Table 6). The higher& in the acidic solution could be consequence of the fbion
of a more stable chromium oxide film on therface. In the higher pH solutions, nickel oxide should be
more stable than chromium oxid@.That is,specimens of five nickel alloys with residual stresses due to
constant deformation, were tested in mudtnic solutions in a wide range of pH (3 to 13) and puial
(0 to +0.4V) and none of them suffered environmengaisied cracking (EAC).

RELATIVE CORROSION RESISTANCE OF THE STUDIED NICKEL ALLOYS

The relative resistance to environmentally assisted cracking (EAC) of five nickel alloys in multi
ionic solutions simlating concentrated ground water is reported here. None of these alloys suffered
EAC in the tested environments. However, it is relevant to note that there are considerable differences in
the corrosion behavior of these five nickel alloys when they are tested in other (more aggressiive) cond
tions. Table 7 and FiguresZshow the corrosiomates of the five nickel alloys of interest in a variety of
conditions. Figure 4 shows that in the highly aggressive green death solution, the lowest corrosion rate
corresponded to Alloy 22. The corrosion rate of the other nickel alloyg, (625, G3 and825) was
more than two orders of magnitude higher than for Alloy 22. Green death solution containsiapprox



mately 0.6 M Chloride, it is a highly acidic and highly oxidizing and therefore it promotes localized co
rosion in many commonly @aive alloys. Figue 4 shows that Alloy 22 was the only one of the five
tested nickel alloys that did not suffer localized corrosion when tested in boiling green death solution.
Alloy 22 contains the appropriate amount of beneficial elements for protection against locized

sion (e.g. high chromium, high elybdenum and tungsten) (Table 2). Figure 5 shows the corrosion rate
of the same five alloys in boiling 10% nitric acid, which is oxidizing. Since chloride ions are aséim;

alloys that contain a large amount ofromium (and even iron) would perform well under oxig
conditions. Figure 5 shows that all alloys containing over 20% chromium had the lowest corrosion rates.
The highest corrosion rate in nitric acid corresponded to Alle§, @hich contains 16% chromin (Ta-

ble 2). Figures 6 and 7 show the corrosion rate of the five nickel alloys under acidic reducing conditions.
Figure 6 shows that in boiling 10% sulfuric acid, alloys containing a small amount of copper (besides
molybdenum) pdorm well in hot sulfuricacid (Table 2). That is, even though alloy 825 and Gad

lower content in mlybdenum than €4, they had similar corrosion rates. Figure 7 shows that the lowest
corrosion rate in boiling ydrochloric acid corresponded to-4; the alloy that contains thkigher
amount of the beneficial element molybdenum (Table 2). Overall, Table 7 and Figirehaw that in

most environments ¢ducing and oxidizing) Alloy 22 has one of the lowest corrosion rates compared to
the other four alloys. The data support thguanent for the superior corrosion reisince of Alloy 22 as
compared to the other industhy widely used nickel alloys.

FINAL REMARKS

None of the tested nickel alloys suffered environmentally assisted cracking (EAC) under the
tested conditions repa@d in this paper. Therefore, the environment was not too aggressive or the alloys
were too resistant. It is known that the tested environments are aggressive enough to cause cracking in
welded Ubend of Ti Gr 12 (R53400) alloy at the corrosion potentiailso, the tested nickel alloys are
not equally resistant to corrosion. General and localized corrosion rate data above show that they behave
differently from each other under more aggressive conditions. Since four alloys, which are les®oorr
resistat than Alloy 22, did not fail by EAC after 5 years immersion in hot solutions equivalentrie co
centrated ground water, the corollary is that Alloy 22 has an even a larger margin of safety in the tested
environments.

CONCLUSIONS

Q) Mill annealed (MA)and welded nickel alloys (N06022, N06455, N06625, N06985 and N08825)
are highly resstant to environmentally assisted cracking (EAC) in midtic solutions that may
represent concentrated versions of ground water at Yucca Mountain.

(2) U-bend specimes exposed at & for 5 years in SAW, SCW and SDW solutions at 60°C and
90°C and in BSW solution at 105°C for 3 years were free from EAC.

(3)  The nickel alloys were resistant to EAC at pH ~ 3 with,Eof approximately +0.3 to 0.4 V
[SSC] (SAW) and pH- 10 to 13 with Er of approximately 0 to +0.1 V [SSC] (SCW, SDW and
BSW).

4) Even though none of the tested nickel alloys suffered EAC, it is known that the overalsicm
resstance of Alloy 22 is much higher than for the other four alloys.
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TABLE 1
TYPICAL MECHANICAL PROPERTIES OF NICKEL ALLOY SHEET
AT AMBIENT TEMPERATURE

Alloy, UNS First Letter Tensile Yield Stress  Elongation to Hardness
Notation for Strength [0.2%] (MPa)  Rupture (%) (RB)
Specimens  [UTS] (MPa)
Alloy 22, N06022 D 800 407 57 93
C-4, N06455 C 768 416 52 90
Alloy 625, N06625 L 910 468 47 94
G-3, N06985 B 724 348 48 --
Alloy 825, N08825 A 758 421 39 --




TABLE 2

CHEMICAL COMPOSITION AND HEAT NUMBERS OF THE WUBEND SPECIMENS (Wt%)
THE ALLOYS ARE ORGANIZED ALPHABETICALLY BY UNS NUMBER

UNS Heat Ni Cr Mo W Fe Others
Alloy 22, N06022 2277-03264 57 21.3 13.4 2.9 4.4 1.14 Co, 0.29 Mn, 0.17
Base Vv
Weld Filler N06022 2277-43263 57 21.6 135 2.9 3.6 0.89Co,0.32Mn, 0.15
\Y
C-4, Base N06455 6455-50906 68 15.43 15.66 0.29 0.21 Mn, 0.21 Ti
Weld Filler N06022 2277-43263 57 21.6 135 2.9 3.6 0.89Co,0.32Mn, 0.15
V
Alloy 625, N06625 VX1178AK 61.13 21.88 9.16 3.72 3.52 Ch+Ta, 0.29 Al,
Base 0.17 Ti
Weld Filler N06625 53738 65.1 21 8.47 0.75 3.4 Cb+Ta, 0.26 Al,
0.29 Ti
G-3, Base N06985 Z3896HG 46.41 21.72 6.73 0.89 19.4 0.77 Mn, 0.21 Si, 1.77
Cu, 1.86 Co, 0.2
Cb+Ta
Weld Filler N06985 Z0708HG 46.29 21.14 6.68 0.84 19.94 0.76 Mn, 0.34 Si, 1.85
Cu, 2.05 Co,
Alloy 825, N08825 HH7588FG 44.06 22.98 3.05 26.67 0.39Mn,0.17Si,1.71
Base Cu, 0.88 Ti
Weld Filler N06022 2277-43263 57 21.6 135 2.9 3.6 0.89Co,0.32Mn, 0.15
V
TABLE 3
CHEMICAL COMPOSITION OF THE ELECTROLYTE SOLUTIONS (mg/L)
lon SDW SCwW SAW BSW J-13 Well Water
pH 10.1 pH 10.3 pH 2.8 pH 13 pH 7.4
K* 34 3400 3400 81,480 5.04
Na" 409 40,900 40,900 231,224 45.8
Mg** 1 <1 1000 2.01
ca’ 0.5 <1 1000 13
F 14 1400 0 1616 2.18
CI 67 6700 24,250 169,204 7.14
NO3 64 6400 23,000 177,168 8.78
8042' 167 16,700 38,600 16,907 18.4
HCOs 947 70,000 0 107,171 128.9
SiOx (aq) ~40 ~ 40 ~40 9038 61.1
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TABLE 4

CONSTANT DEFORMATION(U-BEND) TESTS OF NCKEL ALLOYS
LIST OF EXAMINED SPECIMENS

SAW, SAW, SCW, SCW, SDW, SDW,
60°C 90°C 60°C 90°C 60°C 90°C
Vessel 25 26 27 28 29 30
Date in 06Feb1997| 21Feb1997| 10Mar1997 | 10Apr1997 | 14Aprl1997 | 05Junl1997
Date out 20May2002 | 21May2002 | 17May2002| 22May2002 | 10May2002 | 22May2002
Exp. Time, 1930 1916 1895 1869 1853 1813
days (h) (46,320 h) | (45,984 h) | (45,480h) (44,856 h) | (44,472 h) 43,512 h)
Specimens | DUA019-021 | DUA049-051 | DUA079081 | DUA109-111 DUA127 DUA139
Wrought DUB019021 | DUB049051 | DUB079-081 | DUB109111 DUB127 DUB139
and Weldedl CUA019021 | CUA049051 | CUA079081 | CUAL09111 CUA127 CUA139
CUB019021 | CUB049051 | CUB079081 | CUB109111 CUB127 CUB139
LUA019-021 | LUA049-051 | LUA079-081 | LUA109-111 LUA127 LUA139
Vapor LUJ019021 LUJ049051 LUJ079081 LUJ109111 LUJ127 LUJ139
Phase BUA019-021 | BUA049-051 | BUA079-081 | BUA109-111 BUA127 BUA139
BUC019021 | BUC049051 | BUC079081 | BUC109111 BUC127 BUC139
AUA019-021 | AUA049-051 | AUA079-081 | AUA109-111 AUA127 AUA139
AUB019-021 | AUB049-051 | AUB079-081 | AUB109111 AUB127 AUB139
Specimens | DUA022-024 | DUA052,054 | DUA082-084 | DUAL12, 114 DUA128 DUA140
Wrought DUB022:024 | DUBO053,054 | DUB082084 | DUB113, 114 DUB128 DUB140
and Weldedl CUA022024 | CUA052054 | CUA082084 | CUA112114 CUA128 CUA140
CUBO2-024 | CUB052054 | CUB082084 | CUB112114 CuB128 CUB140
o LUA022-024 | LUA052-054 | LUA082-084 | LUA112-114 LUA128 LUA140
Liquid LUJ022024 LUJ052054 LUJ082084 LUJ112114 LUJ128 LUJ140
Phase BUA022-024 | BUA052-054 | BUA082-084 | BUA112-114 BUA128 BUA140
BUC022024 | BUC052054 | BUC082084 | BUC112114 BUC128 BUC140
AUA022-024 | AUA052-054 | AUA082-084 | AUA112-114 AUA128 AUA140
AUB022-024 | AUB052-054 | AUB082-084 | AUB112-114 AUB128 AUB140
Total Ex-
amined 60 58 60 58 20 20
Specmens
Specimens
that sd- 0 0 0 0 0 0
fered EAC
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TABLE 5

STEREOMICROSCOPE OERVATIONS OF THE TESED U-BEND SPECIMENS

=

o

Conditions Vapor Plase Liquid Phase

Vessel 25 Shiny metallic. Few isolated browree Shiny graygreenblue. Brown deposits
SAW, 60°C posits. No corrosion or cracking mostly in concave area. No corrosion

cracking
Vessel 26 | Shiny metallic or light gray. Brownle- Dark golden with green patches. Aipu
SAW, 90°C | posits in concave area. No corrosion dr dant brown deposits in concave area. N
cracking corrosion or cracking
Vessel 27 Shiny metallic and dull light gray with Shiny metallic or light golden. Some
SCW, 60°C | bluish and golden patches. Some whitewhite deposits in concave area. No @r1
depsits. No corrosion or cracking sion or cracking
Vessel 28 | Shiny dark gray and golden. Little whit¢ Samplecovered by white salike depcs-
SCW, 90°C | and green deposits in concave area. No its. Underneath deposits shiny light
corrosion or cracking golden. No corrosion or cracking

Vessel 29 | Shiny metallic light gray. Very little d- | Shiny metallic light gray. Little white e-
SDW, 60°C posits. No corrosion or cracking posits. No carosion or cracking
Vessel 30 | Shiny metallic. No deposits. No owsion | Shiny metallic. White deposits in conca

SDW, 90°C

or cracking

area. No corrosion or cracking
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CORROSION POTENTIAL OF ALLOY 22 IN MULTIIONIC SOLUTIONS

TABLE 6

Cell # | Sample ype and Nuber Initial Condition of the Sen- | Ecor Day | Ecorr Ecorr
ple 1[SSC] | 31Aug02 | 31Aug03
[SSC] [SSC]
CELL 1: Envirament: SAW from LTCTF, 60°C. Starting Date: 13 April 2001
1 Alloy 22 U-bend DUB028 1527 days (4+yr)in LTCTF| 0.178 0.385 0.387
1 Alloy 22 U-bend DUB157 Untested, 600 grit 0.432 0.403 0.412
1 Ptlatinumrod WEAOQ7 Untested, 600 grit 0.461 0.415 0.427
CELL 2: Envirooment: SAW from LTCTF, 90°C. Starting Date: 13 April 2001
2 Alloy 22 U-bend DUB052 1512 days (4r) in LTCTF 0.386 0.276 0.289
2 Alloy 22 U-bend DUB159 Untested, 600 grit 0.362 0.299 0.382
2 Platinum rod WEAO006 Untested, 600 grit 0.419 0.383 0.382
CELL 7: Enviroiment: SCW from LTCTF, 60°C. Starting Date: 13 April 2001
7 Alloy 22 U-bend DUB088 1495 days (4+ yr) in LTCTF 0.070 0.019 --—-
7 Alloy 22 U-bend DUB156 Untested, 600 grit -0.039 -0.014
7 Platinum rod WEA010 Untested, 600 grit -0.032 0.032
CELL 3: Enviroament: SCW from LTCTF, 90°C. Starting Date: 13 Ag2001
3 Alloy 22 U-bend DUB112 1464 days (4+yr) in LTCTF| -0.027 0.000 -0.026
3 Alloy 22 U-bend DUB161 Untested, 600 grit -0.161 -0.061 -0.063
3 Platinum rod WEAO003 Untested, 600 grit -0.050 0.069 0.062
CELL 5: Envirooment: SDW from LTCTFG0°C. Starting Date: 13 April 2001
5 Alloy 22 U-bend DUB128 1460 days (4+ yr) in LTCTF 0.077 0.025 0.051
5 Alloy 22 U-bend DUB150 Untested, 600 grit -0.082 -0.067 0.016
5 Plainum rod WEAO011 Untested, 600 grit 0.179 0.258 0.236
CELL 6: Environment: SDW from LTCTF, 90°C. Starting Date: 13 April 2001
6 Alloy 22 U-bend DUB132 1457 days (4+ yr) in LTCTF 0.032 0.081 0.083
6 Alloy 22 U-bend DUB162 Untested, 600 grit -0.096 0.082 0.103
6 Plainum rod WEAO005 Untested, 600 grit 0.138 0.074 0.137
CELL 4: Enviromment: BSW from Bench Top, 105°C. Starting Date: 26 April 2601
4 Alloy 22 Double U-bend 407 days (1+ yr) Bench Top| -0.112 0.046 0.048
ARC22U20A+ARC22 U20B
4 Alloy 22 U-bend DUB163 Untested, 600 grit -0.754 0.027 -0.002
4 Plainum rod WEAQ14 Untested, 600 grit 0.030 0.074 0.087

(A) Test stopped on 18Nov01
(B) Test stopped on 25Apr03
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TABLE 7
TYPICAL CORROSION RATES IN MPY OF SELECTED NICKEL ALLOYS
IN BOILING SOLUTIONS
DATA FROM REFERENCE 8 AND FROM HAYNES INERNATIONAL

Alloy, UNS Green Death (11.5% 10% Nitric 10% Sulfuric 2.5% Hydo-
H,SO, + 1.2% HCI+  Acid (HNOs) Acid (H,SOy) chloric Acid
1% FeC} + 1% CuC}) (HCI)
Alloy 22, N06022 2.8 0.42 9.56 137.9
C-4, N06455 890 6.39 20.24 77.43
Alloy 625, N06625 1650 0.36 36.6 619
G-3, N06985 1653 0.38 17.95 341
Alloy 825, N08825 1977 0.47 20.2 360
WELD

BOLT
< Qﬂ % > POSITION

FIGURE 1: Schematic representation showing the position of the weld in4bend specimens.
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LUA 114
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o
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FIGURE2: Macrograph of two of the 276 examinedldgénd specimens. Both are for Alloy 625, left the
nonwelded LUA114 and right the welded LUJ114 exposed to liquid SCW at 90°C for 5 years (Table 4).
None of the specimens suffered cracking (EAC).

09/12/03|Det| HV [Spot| WD |Mag —500 um—
10:00:12|Etd|10.0 kV| 3.0 |6.55 mm| 70x AUB 109 G

FIGURE 3: SEM Images of two of the 276 examineeébend specimens. Both are for Alloy 825, left the
welded AUB109 (X70 magnification) and right the narelded AUA112 (X1000 magnification) both
exposed to liquid SCW at 90°C for 5 years (Table 4). The arrowvshibe direction of the applied
stresses. None of the specimens suffered cracking (EAC).
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Immersion Tests
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FIGURE 4: Corrosion Rate of the five nickel alloys in boiling green death solution.
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FIGURE 5: Corosion Rate of the five nickel alloys in boiling 10% nitric acid solution.
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Immersion Tests
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FIGURE 6: Corrosion Rate of the five nickel alloys in boiling 10% sulfuric acid solution.
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FIGURE 7: Corrosion RBte of the five nickel alloys in boiling 2.5% hydrochloric acidwain.
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